cretion of b r e a t h c 1 4 0 h a s been m e a s u r e d by u s e of a method in which a s e n -2 sitive ionization chamber and e l e c t r o m e t e r d i r e c t l y and continuously r e c o r d carbon-14 excretion. The labeled fatty acids a r e m o r e rapidly metabolized t o 14 C O2 i n PAD r a t s than i n n o r m a l r a t s . CoA d e p r e s s e s the c 1 4 0 e x c r e t i o n 2 in both n o r m a l and PAD r a t s in experiments with either labeled acid. T h e r e a r e differences in the oxidation of these two fatty a c i d s , a n d the differences a r e consistent with postulated metabolic s c h e m e s . CoA i n c r e a s e s radioactivity deposited in the fat of the l i v e r , but does not appreciably change the r a d i oactivity incorporated in the protein and nonsaponifiable lipid f r a c t i o n s .
E F F E C T OF COENZYME A ON THE METABOLIC OXIDATION OF LABELED FATTY A C P S :

INTRODUCTION
Of the several catabolic fates of carbon in animal systems, quantitatively the most important i s breath excretion a s carbon dioxide. While the excretion of carbon via this method s e r v e s a s an excellent index of over-all metabolic level, it fails to give any information on the oxidative metabolism t o GOZ of specific compounds. This lack of specificity i s overcome by the use of labeled compounds; the excretion of labeled carbon dioxide f r o m specifically labeled metabolites i s potentially one of the most important nondestructive t e s t s that can be made in metabolic studies in living organisms.
The excretion of labeled carbon dioxide after administration of labeled compounds has been measured by many investigator s. In general, the animal i s placed in a closed cage, from which the a i r can be swept through a dilute sodium hydroxide solution. These solutions a r e periodically changed and the collected CO precipitated--usually a s the insoluble barium carbonate--fil-2 t e r e d , dried, weighed, and analyzed for radioactivity. The method i s timeconsuming and only a limited number of samples may be taken. In order t o simplify this procedure, the authors have devised a n apparatus that, with a 14 minimum of effort, will continuously measure and r e c o r d C pulmonary excretion vs time. Equipment of the proper size for r a t s and mice i s described in this paper. The equipment i s simple and i s basically capable of such expansion or contraction a s to permit studies on very large animals, on one hand, or on individual insects, on the other.
The applications of such an instrument to a n important biochemical problem a r e manifold. In order to investigate the possibilities of this technique, the authors have made a study of the! catabolic oxidation of fatty acids. Acetic acid, in particular, has been used, a s it i s one of the most extensively studied * The work described in this paper was sponsored by the U. S. Atomic Energy Commission. 
MATERIALS AND METHODS
Animals
Long-Evans r a t s , both m a l e and f e m a l e , w e r e made pantothenic -a c i ddeficient b y the method of Hurley and Morgan. ' The b a s i c diet is a v i t a m i n -* f r e e t e s t diet, supplemented by the oil-soluble and crystalline B v i t a m i n s , except pantothenic acid. Control a n i m a l s w e r e given the s a m e diet plus c a lcium pantothenate. Experimental work s t a r t e d when the r a t s w e r e five w e e k s old.
The l i v e r s f r o m t h r e e groups of r a t s w e r e a s s a y e d f o r CoA c o l o r i m e t r ically by a r s e n o l y s i s of acetyl phosphate. R a t s with and without CoA injected one hour previously w e r e s a c r i f i~e d b y decapitation and allowed t o bleed f r e e l y .
The l i v e r s w e r e removed and homogenized a t O'C. The homogenates w e r e boiled in a water bath f o r five minutes and centrifuged. The supernatant w a s poured off, and s t o r e d a s a f r o z e n solution until just p r i o r t o a s s a y . The r e s u l t s a r e shown in Table I .
The range of values f o r a n o r m a l a n i m a l i s given b y Olson and Kaplan 6 a s 135 to 205 units C O A /~ wet l i v e r , and f o r PAD r a t s the range is given as 55 t o 135 units. The s p r e a d of our r e s u l t s is consistent with data of p r e v i o u s investigators and a g r e e s with our observation that it was h a r d t o define t h e d e g r e e of pantothenic acid deficiency in the experimental a n i m a l s . It was a l s o difficult t o maintain t h i s deficiency; two injections of 4 mg e a c h of CoA i n a n y deficient a n i m a l w a s sufficient t o change permanently the r e s p i r a t o r y m e t a b ol i s m patterns discussed l a t e r in t h i s paper t o a p a t t e r n c h a r a c t e r i s t i c of a n o r m a l animal,
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Vitamin B -Complex T e s t Diet (modified s a l t s ) , G e n e r a l Biochemicals, Inc. ,
Chagrin F a l l s , Ohio.
F i g . 1. Schematic diagram for he r o l e of the two-carbon moiety in f a t t y acid metabolism. Compounds 14 The two labeled fatty a c i d s studied w e r e sodium acetate -2 -C (5.85 pc/ 1 4 r n g ) 7 a n d s o d i u m h e p t a n o a t e -7 -C ( 4 . 
-7 -
Radioactivity Determination
The total activity of c I 4 in t h e ' b r e a t h p e r unit of t i m e was m e a s u r e d b y m e a n s of a n ionization chamber a s s a y unit and plotted d i r e c t l y on a r e c o r d e r c h a r t . The a r e a under the c u r v e was integrated with a polar planimeter and t h e total c14 for any d e s i r e d i n t e r v a l of t i m e w a s determined.
The equipment needed for t h i s m e a s u r e m e n t i s diagrammatically r ep r e s e n t e d in F i g , 2 and c o n s i s t s of a flow s y s t e m , a n ionization c h a m b e r , a * P a b s t Laboratories, Milwaukee, Wisconsin. 
Electronic Eauipment
The ionization chamber i s mounted on a vibrating-reed e l e c t r o m e t e r equipped with a grounding r e s i s t o r of 1012 ohms. ' The e l e c t r o m e t e r i s con-* * nected t o a recording potentiometer reading f r o m 0 t o 100 with the c h a r t s e t t o move six inches p e r hour.
In operation, the electrons produced in the ionization c h a m b e r by the 83-particles (approximately 1,000 t o 1,500 p e r a v e r a g e carbon-14 P-particle)
a r e collected on the center electrode ( s e e F i g , 4 ) . This flow of e l e c t r o n s a c t s a s a c u r r e n t s o u r c e and c r e a t e s an equilibrium potential f o r the c e n t e r e1ec.-t r o d e that i s proportional t o the value of the grounding r e s i s t o r and the r a t e of e l e c t r o n production. This equilibrium value i s m e a s u r e d b y the e l e c t r o me t e r and plotted by the r e c o r d e r .
The r a t e a t which t h i s e l e c t r i c a l equilibrium value i s r e a c h e d i s d i r e c t -
l y proportional to the grounding r e s i s t a n c e and the effective capacity of the * %e% Model 30, Applied Physic s Corp. , P a s a d e n a , California.
Brown "Electronik" potentiometer r e c o r d e r , Brown Instrument Division, Minneapolis -Honeywell Regulator Company, Philadelphia, Pennsylvania. '~i c t o r e e n hi-megohm r e s i s t o r s . Victoreen Company, Cleveland, Ohio. e l e c t r o m e t e r head:
w h e r e t = seconds f o r condenser t o r e a c h 63% of equilibrium voltage C = capacitance in f a r a d s R = grounding r e s i s t a n c e in ohms
The t i m e f o r the s y s t e m t o r e a c h 99% of equilibrium value i s given b y t = * 4.60 RC.
Since the e l e c t r o m e t e r head has an effective capacity of about 10
micromicro.-farads ( 1 0 -l 1 f a r a d s ) , t h r e e -q u a r t e r s of a minute i s needed t o r e a c h 99% of equilibrium value when the grounding r e s i s t a n c e i s 1012 ohms.
In the equipment u s e d for t h i s study i t w a s d e s i r e d t o obtain a good i ns t r u m e n t sensitivity s o that a m i n i m a l amount of c 1 4 could be used in a single
experiment, and yet t o have a s y s t e m with reasonably r a p i d r e s p o n s e t o t h e
b r e a t h radioactivity. A r a t has ample oxygen with a n a i r flow r a t e of 100 cc/min, and when the g a s is passed through an ionization chamber of about 100 cc volume, gas replacement t i m e s of one minute a r e r e a l i z e d . The e l e c -
t r i c a l system should a l s o have a s i m i l a r t i m e constant, and this is t r u e f o r the 1012-ohm r e s i s t o r . Although 1 0 '~-o h m r e s i s t o r s a r e available, t h e i r t i m e constant, which is of the o r d e r of magnituae of 5 t o 10 minutes, is too
slow for good response i n t h e e a r l y s t a g e s of the b r e a t h carbon dioxide e l i mination c u r v e s f o r t h i s s i z e of a n i m a l and for rapidly metabolized compounds.
The Gas Flow System
Since the precision of the radioactivity a s s a y i s d i r e c t l y proportional t o the gas flow r a t e , it i s n e c e s s a r y t o control t h i s factor carefully. Constant flow r a t e over a long period of t i m e is hampered b y (1) changes in the p r e ss u r e of the a i r s o u r c e ; (2) movement of the a n i m a l in the s y s t e m ; ( 3 ) effect of minute dust p a r t i c l e s in orifices, s u c h a s needle valves; and (4) variation in atmospheric p r e s s u r e . Most of t h e s e f a c t o r s a r e compensated f o r in the w h e r e Q = charge, C = capacitance, t = t i m e , R = r e s i s t a n c e .
Tkdb-e t = 4.60 RC. A bypass provides an alternate flow route so the animal may not stop a i r flow in the system, and also d e c r e a s e s the effect of the a n i m a l q s movement on the gas flow r a t e . Indentations around the tubulations at the head of the cage p r event the r a t from stopping the gas flow with his snout. In practice neither food nor water i s provided during a normal seven-hour run, since they a r e usually shunned by the rat in his cramped cage during this period of time.
Calculations -Precision of Method
In a typical experiment a r a t is injected intraperitoneally with 8 to 10 pc of the labeled fatty acid and i s immediately placed in the cage. The m e a surements a r e recorded continuously for the next seven hours. A number of irregularities in the curve a r e observed, and these can be easily correlated with sporadic animal activity.
The total carbon-14 evolved can be determined from this curve by s e v e r a l methods. If a smooth line i s drawn through the curve, the data can be t r a n s f e r r e d to regular graph paper and the resulting curve integrated by weighing the paper under the curve. A much f a s t e r and more accurate method *** i s to use a polar planimeter.
With this instrument the a r e a under either the smoothed curve or the original tracing for any time interval may be quickly determined and multiplied by a constant to give a cumulative radioactivity excretion. Table I1 compares the results obtained by these three methods.
* T r i -F l a t Flowrator, F i s h e r and P o r t e r Company, Hatboro, Pennsylvania. Company, Los Angeles , California. Table 11 Comparison of P e r c e n t of Injected Activity Eliminated as c 1 4 0 2 In o r d e r to check f u r t h e r the a c c u r a c y of t h e e n t i r e apparatus a sodium hydroxide bubbler was substituted for the soda l i m e tube i n t h r e e experiments.
The activity absorbed was precipitated and counted a s b a r i u m carbonate. T h e activity s o determined and t h e activity calculated f r o m t r a c i n g s b y u s e of t h e polar planimeter w e r e well within the e x p e r i m e n t a l e r r o r . t i o n of h e p t a n o a t e -7 -C l 4 i n PAD r a t s .
CUMULATIVE EXCRETION OF CI40,
( O h OF INJECTED HEPTANOATE -7 -c I 4 ) l 70 t o 470 f o r a 100-cc flow r a t e and depended on the weight of the a n i m a l u s e d .
To check whether the a i r flow r a t e w a s c r i t i c a l , a s i x -a n i m a l s e r i e s of PAD r a t s was r u n a t a n a i r flow of 200 cc/min, which would produce one-half the 14 f o r m e r C O percent value, No significant difference in C 0 excretion pat -2 2 t e r n was observed; t h e r e f o r e , a 100-cc flow r a t e was used.
The amount of sodium a c e t a t e and the s i z e of the body pool of a c e t a t e in the a n i m a l can b e a c r i t i c a l f a c t o r in a r a t e study such a s i s described h e r e .
The pool s i z e of total a c e t a t e in the r a t is quite l a r g e and has been m e a s u r e d by other investigators 12'13 and shown to v a r y f r o m 12 t o 25 mg per 100 g r a t p e r day. Thus the equivalent of 1.6 t o 3.2 m g sodium a c e t a t e i s produced p e r minute p e r 100 g r a t body weight. The 2-mg sodium a c e t a t e dose used should not produce any long-term flooding effect. However, the uncombined o r "free" a c e t a t e pool m a y b e quite s m a l l in r a t s , and the handling of e x c e s s f r e e a c e t a t e could be a c r i t i c a l function of CoA availability. T h e r e f o r e , we have 
determined the C1402 excretion r a t e s f o r a s e r i e s of sodium a c e t a t e -2 -C 14 d o s e s (0.2, 2, 20, 100 m g ) , using the s a m e amount of r a d i o a c t i v i t y f o r e a c h injection. The r e s u l t s a r e shown in F i g s . 7 and 8. E a c h c u r v e r e p r e s e n t s the a v e r a g e of a t l e a s t seven a n i m a l s . T h e r e i s no
T h e r e f o r e , 2 mg has been u s e d a s the s t a n d a r d d o s e .
A s e r i e s of PAD r a t s w e r e given 2, 4, and 8 m g of CoA, respectively, together with the labeled heptanoate. In t h e s e a n i m a l s the excretion r a t e f o r 14 C 0 w a s i n c r e a s i n g l y d e p r e s s e d w i t h i n c r e a s i n g d o s e s of CoA. A value of 2 4 m g CoA was chosen for t h i s study a s the minimum amount needed t o produce. a consistent effect on C 14 O2
F i g u r e s 9 and 10 show metabolism.
RESULTS
the r a t e of excretion and the cumulative e x c r e t i o n 14 c u r v e s f o r c 1 4 0 a f t e r administration of sodium a c e t a t e -2 -C (C H3COZNa) 2 under the various nutritional s t a t e s of the r a t s . F i g u r e s 11 and 12 p r e s e n t 14 the s a m e data for the metabolism of sodium heptanoate-7-c14 (C Hg(CH2)5 C 0 2 N a ) . E a c h of t h e s e c u r v e s r e p r e s e n t s the m e a n value for a t l e a s t twelve a n i m a l s and, in some c a s e s , f o r a s m a n y a s twenty a n i m a l s . The s t a n d a r d
Fig. 7 Effect of s u b s t r a t e c o n c e n t r a t i o n on t h e r a t e of e x c r e t i o n of 1 4'
C O2 following a d m i n i s t r a t i o n of sodium a c e t a r e -2 -~1 4
i n n o r m a l r a t s .
__--0.2 mg. 
Coenzyme A is known t o b e n e c e s s a r y f o r the activation of t h e a c e t a t e (or two-carbon) fragment in biological oxidations. 4-Since pant othenic a c i d i s a n e c e s s a r y p r e c u r s o r of CoA, it i s postulated that a n i m a l s deficient in pantothenic acid should not be able t o metabolize fatty a c i d s in a n o r m a l m a n n e r . The dynamics of t h e steady s t a t e shown in F i g . 1 will b e changed.
It would be expected that the PAD r a t s should have a s m a l l e r acetyl-S-CoA is a short-term r a t e effect; it i s observed in the high-specific-activity C 14 O2 f r o m PAD r a t s , but the effect i s not seen in the cumulative c 1 4 0 excretion 2 curves.
One effect of added CoA on the dynamics should be through a n i n c r e a s e in the size of the pool of acetyl-S-CoA and higher acyl-CoA intermediates to provide m o r e "active acetate" a s a fundamental building block for fat synthesis.
As a result the amount of carbon from the acetate excreted a s C 0 2 should be decreased, both in r a t e and in total amount. In the experimental r e s u l t s in-14 jected CoA reduces both the r a t e and the cumulative excretion of C O2 f r o m acetate-2 -C14, in agreement with the postulated scheme in Fig. 1 Sodium heptanoate -7 -c 1 4 i s an unnatural fatty ac jd, but this compound was used because it represented a fatty acid labeled in such a position that a multistep enzymatic process would be required t o catabolize the label t o cl4o2. We a r e assuming that two @-carbon cleavages take place t o produce a labeled three-carbon fragment and that omega-oxidation of the heptanoate does not occur. This three-carbon fragment should be oxidized t o C 0 2 i n a different manner than the acetate fragment.
Some of these differences can be seen in Figs. 9 through 11 and are summarized in Table IV . The effect of injected CoA i s to depress heptanoate-7 -c 1 4 oxidation to c1402. The seven-hour cumulative effect i s twice a s large in PAD r a t s a s in normal r a t s . The peak excretion r a t e for ~'~0~ i s depressed by CoA three times a s much in PAD r a t s a s in normal r a t s . In 14 acetate-2-c14 metabolism the depression in C OZ cumulative excretion i s the same in normal and PAD r a t s ; the peak excretion r a t e i s depressed by a C factor of about 2 .
These differences between the acetate and heptanoate oxidation a r e f a i r l y distinct and are probably due t o two factors: the difference i n the ani- The resulting m i x t u r e was e x t r a c t e d with petroleum e t h e r , and the e t h e r e x t r a c t , which contained the nonsaponifiable m a t e r i a l such a s s t e r o i d s , was counted. The aqueous f r a c t i o n w a s acidified with 5 -N sulfuric a c i d and e t h e r -e x t r a c t e d . The ether f r a c t i o n , which contained the fatty a c i d s , was a l s o counted, a s was the aqueous raffinate, r e p r e s e n t i n g the glyceride fraction.
Results
The distribution of radioactivity in the l i v e r s of PAD and n o r m a l r a t s a f t e r administration of sodium a c e t a t e -2 -c 1 4 with and without CoA is s u mm a r i z e d in Table V . Feeding CoA t o a PAD r a t m a k e s available the n e c e s s a r y enzymatic m a t e r i a l f o r g r e a t l y i n c r e a s e d fatty a c i d synthesis. This effect is probably accentuated by t h e fat-deficient state of the l i v e r and e n t i r e body of the PAD r a t . It i s a l s o s e e n , on the b a s i s of this l i m i t e d s e r i e s , that t h e r e a r e no g r o s s differences o r changes in the r a t e of protein, s t e r o i d , o r g l y c e ride synthesis i n any of t h e s e a n i m a l s . This i s in a g r e e m e n t with the data of other w o r k e r s on t h i s subject, l 9 and indicates that p r o t e i n synthesis in s e v e r e pantothenic a c i d deficiency h a s p r i o r i t y over fatty a c i d synthesis. T h e r e a r e insufficient numbers of a n i m a l s i n t h e s e s e r i e s to d r a w valid conclusions on t h e s m a l l difference between the n o r m a l and PAD r a t s given a c e t a t e only, o r between n o r m a l r a t s with and without CoA.
The radioactive compounds in s e v e r a l of t h e s e l i v e r fractions w e r e i nvestigated by paper chromatography. The acid-aqueous (glyceride) f r a c t i o n remaining f r o m the final e t h e r extraction described above was n e u t r a l i z e d and dried, and the acetone-soluble m a t e r i a l (9070 of the radioactivity) w a s s e p a r a t e d by two-dimensional paper chromatography (phenol-water and butanol-2 0 propionic acid-water).
Radioautographs of the paper c h r o m a t o g r a m s showed two t o five well-defined spots, but t h e s e w e r e not identified.
Several of the fatty a c i d f r a c t i o n s w e r e chromatographed b y u s e of a propanol-ammonia-water (60 :3O: 10) s y s t e m . 20 The radioautographs showed that the labeled compounds f r o m t h e r a t s given CoA moved f a r t h e r f r o m t h e origin than the labeled compounds f r o m those without C oA. The effect was s e e n in both n o r m a l and PAD a n i m a l s , but was g r e a t e r and m o r e c l e a r l y defined in the PAD r a t s . This indicates that a f t e r administration of CoA r e l atively l e s s radioactivity is p r e s e n t in short-chain and oxygenated fatty a c i d s .
Thus the synthesis of fatty a c i d s in PAD r a t s given CoA continues a t a n a c c e le r a t e d pace over a period of t i m e , s o that in t h e s e a n i m a l s in one hour m u c h of the radioactivity a d m i n i s t e r e d a s acetate i s converted t o longer-chain f a t t y a c i d s . 
G ONC LUSIONS
The effect of pantothenic acid deficiency in r a t s given sodium acetate-2 -c 1 4 o r sodium h e p t a n o a t e -7 -~~~ has been studied. The r a t e of excretion of -14 b r e a t h C OZ has been measured by a method, not previously described, in which a sensitive ionization chamber and electrometer directly and continuously r e c o r d carbon-14 excretion,
The effect of Coenzyme A on the oxidative metabolism of normal and pantothenic-acid-deficient r a t s was measured. The differences in the r a t e of excretion of c 1 4 0 2 show that the methyl carbon of acetate i s oxidized f a s t e r and in greater amount in PAD than in normal r a t s , but i s slower in animals given CoA than in animals not given CoA. These r e s u l t s a r e consistent with previous data on fatty acid metabolism. The oxidation of the methyl (omega) carbon of heptanoic acid t o c 1 4 0 i s much more depressed by CoA than is the 2 oxidation of the methyl carbon of acetic acid. In a confirmatory s e r i e s of experiments, normal and PAD r a t s , with and without CoA injection, were given sodium acetate-2 -C 4. Fractionation, paper chromatography, and radioautography of the livers from these r a t s showed that m o r e activity was incorporated in liver --and especially the liver fats --in PAD r a t s given CoA than in either normal r a t s o r P A D r a t s without CoA. Incorporation of radioactivity into amino acids was similar in all cases.
